MATERIALS AND METHODS
Sampling and cultural conditions. Subgingival plaque samples were collected by insertion of sterile absorbent paper points (Johnson and Johnson, East Windsor, N.J.) in the sulci of five individuals having healthy periodontia showing no clinical signs of inflammation. The sites of collection were randomly selected for each subject. When necessary, the supragingival plaque was removed with a sterile cotton swab prior to sampling. Each sample was placed in a prereduced one-fourth-strength Ringer's solution, dispersed with a Vortex mixer for 2 min, and subjected to 10-fold serial dilutions. The dilutions were then plated on new oral spirochete (NOS) medium (13) which had been spread with T. denticola ATCC 35405 (approximately 5.0 ϫ 10 8 cells, as determined with a Petroff-Hausser counting chamber) immediately beforehand. The plates were incubated anaerobically (N 2 -H 2 -CO 2 , 80:10:10) for 7 days at 37ЊC. Distinct colonies (in each sample) which formed an evident inhibitory zone (no growth) of T. denticola were picked and subcultured on NOS agar plates until pure cultures were obtained. Bacterial identification. Bacterial isolates inhibiting the growth of T. denticola were Gram stained and examined by phase-contrast microscopy. Bacterial identification was conducted with the API 20S system (API Laboratory Products, Ltd., St.-Laurent, Quebec, Canada) and with standard procedures (fermentation tests, catalase and oxidase activities, and growth in 15% NaCl) as described by MacFaddin (14) .
Determination of inhibitory spectrum. The inhibitory spectra of the antagonistic clinical isolates were determined by measuring inhibition of growth of additional oral bacterial species. Indicator bacteria to be tested were plated (approximately 5.0 ϫ 10 8 cells, as determined with a Petroff-Hausser counting chamber) on brain heart infusion medium (BBL Microbiology Systems, Cockeysville, Md.) supplemented with 2.5% human blood, hemin (10 g/ml), and vitamin K (1 g/ml). Inhibitory strains were immediately spotted onto the surface of the plates. After 4 days of incubation at 37ЊC in the anaerobic chamber, the zones of inhibition were measured from the edge of the growth of inhibitory strains to the margin of the inhibitory zone. The inhibition scores were as follows: ϩ, radius of Ն1 mm; Ϯ, radius of Ͻ1 mm; and Ϫ, no inhibition.
Characterization of the inhibitory substances. The inhibition of T. denticola by clinical isolates was tested by incorporating 0.03% catalase, 20 M FeCl 3 , 1% CaCO 3 , or 0.75% arginine in the NOS agar plates. In order to further characterize the inhibitory compounds, an attempt was made to extract soluble active inhibitors from lawn cultures (on NOS plates) of inhibitory strains. After cultivation for 3 days, the bacterial growth was removed and the plates were frozen (Ϫ80ЊC for 4 h). After thawing, the liquid phase was harvested, subjected to centrifugation (8,000 ϫ g for 15 min), concentrated 20 times by lyophilization, and finally passed through a filter with a membrane pore size of 0.45 m. The preparations were then assayed for growth inhibition of T. denticola as follows. Paper discs (7-mm diameter, grade 3MM; Whatman, Inc., Clifton, N.J.) were moistened with 50-l samples of the fractions and allowed to dry at 37ЊC. NOS agar plates were spread with T. denticola, and the paper discs were then applied. After incubation for 7 days under anaerobiosis, inhibition of T. denticola was recorded. Samples were also treated with heat (100ЊC for 10 min) as well as proteolytic enzymes (trypsin or pronase at a final concentration of 500 g/ml; 16 h at 37ЊC) prior to being tested for growth-inhibitory effects on T. denticola. The relative sizes of the inhibitors were estimated by ultrafiltration through membranes with molecular weight cutoffs of 10,000, 50,000, 100,000, and 300,000. Finally, solutions of lactic acid, ranging from 0.25 to 5% (wt/vol), were prepared with the pH adjusted to either 4.0 or 6.0. The solutions (50 l) were applied to paper discs, and their ability to inhibit the growth of T. denticola was determined as described above.
RESULTS AND DISCUSSION
Bacterial colonies surrounded by a clear halo indicating inhibition of growth of T. denticola are shown in Fig. 1 (sample from subject 3). Analysis of the five subgingival plaque samples (from five individuals) allowed the recovery of a total of 11 clinical isolates (called IN 1 to IN 11 ) having the ability to inhibit growth of T. denticola. The radius of the inhibition zones ranged from 2.5 to 4 mm. All bacteria were found to be grampositive cocci, and eight of these strains possessed catalase activity. The catalase-positive isolates were all identified as Staphylococcus aureus, on the basis of fermentative metabolism, growth in 15% NaCl, and mannitol fermentation. With the API 20S system, the catalase-negative, gram-positive cocci (three strains) were found to belong to the species Streptococcus mutans. This identification was confirmed on the basis of the criteria of Coykendall (2) and the fact that mannitol, sorbitol, raffinose, and melibiose were fermented. All sampled subjects harbored at least one isolate of S. aureus (three subjects had two colonial morphotypes), whereas S. mutans isolates were recovered from subgingival plaque samples from only three of the five individuals.
The results for suppression of growth of additional oral bacterial species are presented in Table 1 . In addition to T. denticola ATCC 35405 and D11, the cell growth of Porphyromonas gingivalis ATCC 33277 and 23A4 was affected by all inhibitory bacterial isolates. To a lesser extent, some inhibition was also noted for Prevotella intermedia, Prevotella loescheii, Capnocytophaga ochracea, Eubacterium saburreum, and Actinomyces viscosus. The S. mutans strains showed a larger spectrum of activity than the S. aureus strains. The strains within the S. aureus group or the S. mutans group were not affected by each other.
The inhibition of growth of T. denticola did not result from the production of hydrogen peroxide or siderophores by S. aureus and S. mutans, since similar zones of inhibition were obtained when the NOS agar plates contained catalase or FeCl 3 , respectively. Preparations of S. aureus (IN 1 and IN 10 ) gave an inhibition zone of 3 mm, whereas no inhibition was obtained with preparations of S. mutans (IN 2 and IN 5 ) . Boiling the S. aureus preparations did not affect their ability to suppress growth of T. denticola. However, inhibition of T. denticola growth was completely prevented by the proteolytic treatments, suggesting a proteinaceous moiety of the inhibitory compound produced by S. aureus. The results of ultrafiltration indicated a high molecular weight for the compound, since the inhibitory component passes through only the membrane with the 300,000-molecular-weight cutoff. These results suggest that the inhibitory compound produced by the S. aureus strains is a true bacteriocin-like inhibitory substance that is a heat-stable molecule with a protein moiety. The production of a heatstable and protease-sensitive bacteriocin, active against grampositive bacteria, by an oral isolate of S. aureus has been previously reported (19) . Since the molecular mass of that particular bacteriocin was 5 kDa, it is likely to be different from the one demonstrated in the present study. However, it is Treponema denticola
possible that the bacteriocin-like inhibitory substance present in the S. aureus preparation may be complexed with other bacterial components. The fact that no soluble inhibitory activity was recovered from S. mutans suggests that the inhibition of growth of T. denticola could be related to the ability of S. mutans to produce large amounts of acids and to consequently decrease the pH (20) . Since some bacterial species, including S. mutans (3, 27) , have been previously shown to produce lactic acid, which interferes with bacterial growth, the effect of lactic acid on T. denticola was investigated. Data presented in Table 2 indicate that inhibition by lactic acid was possible only at a low pH. It is likely that at a low pH the lactic acid, which is in its nonionized form, is better able to penetrate the cell envelope of T. denticola and affect the bacteria. The minimal concentration of lactic acid required to produce significant growth inhibition was approximately 1% (wt/vol). In the absence of lactic acid, the low pH did not interfere with growth of T. denticola. Despite the fact that it is difficult to accurately determine the local concentration of lactic acid around bacterial colonies, a concentration of 0.65% (wt/vol) has been previously reported (3). The above results indirectly suggest that the high level of production of lactic acid by S. mutans may contribute to the inhibition of growth of T. denticola. This is reinforced by the fact that incorporation in NOS agar plates of CaCO 3 or arginine, two compounds that can prevent a pH decrease (21) , significantly reduced the inhibition zone produced by S. mutans strains (IN 2 and IN 5 ) . However, the possibility that another mechanism of inhibition, such as the production of mutacin-like substances, is involved in the inhibition of T. denticola should not be excluded. Indeed, because of the high degree of instability of some mutacins produced by S. mutans (21) , it may be rather difficult to prepare an active fraction.
This study reports for the first time that bacteria found in subgingival areas may interfere with the growth of T. denticola. In particular, it was found that S. aureus could produce a bacteriocin-like inhibitory substance active against this periodontopathogen. Although S. aureus does not represent a predominant bacterial species in the oral cavity, it has been often isolated from dental plaque and saliva (19, 23) . Few studies have found bacteriocins which are produced by gram-positive bacteria and active against gram-negative organisms (4, 9, 10). Fujimura and Nakamura (4) isolated a bacteriocin (molecular weight, 280,000) from S. sanguis which was active against gramnegative bacteria, including Prevotella melaninogenica, formerly Bacteroides melaninogenicus. An additional bacteriocin (molecular weight, 4,800) active against P. melaninogenica and produced by S. mutans has also been reported (9) .
In view of the great diversity of bacterial species found in subgingival sites (17, 18) , it is not surprising that such bacterial antagonism exists. The inhibition of growth of suspected periodontal pathogens such as T. denticola and P. gingivalis may be one of the factors involved in the maintenance of periodontal health. As T. denticola has been associated with periodontal disease (24, 25) , studies of the incidence of strains inhibitory for this bacterium in diseased and healthy sites deserve consideration. Interestingly, Hillman and Socransky (6) showed that organisms which are inhibitory to the periodontopathic bacterium A. actinomycetemcomitans were found in high numbers in subgingival plaque from healthy individuals, whereas affected sites of juvenile periodontitis subjects did not usually harbor these inhibitory bacteria. 
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